NO3-> so42-, Iminodiacetate, benzene sulfonate. Anion stimulation of H' pumping was caused in part by the ability of permeant anions to dissipate the electrical potential and in part by a specific requirement of Clr by a H4-pumplng ATPase. A pH gradient, probably caused by a Donnan potential, could be dissipated by K' in the presence or absence of ATP. MeA uptake was enriched in vesicles of relatively low density and showed a parallel distribution with vanadate-insensitive ATPase activity on a continuous dextran gradient. ApH as measured by quinacrine quench was partially vanadate-sensitive. These results show that plant membranes have at least two types of H4-pumping ATPases. One is vanadate-sensitive and probably enriched in the plasma membrane. One is vanadate-resistant, anion-sensitive and has many properties characteristic of a vacuolar ATPase. These results are consistent with the presence of electrogenic H pumps at the plasma membrane and tonoplast of higher plant cells.
Electrogenic H+ pumps are thought to be localized in plant membranes, such as the plasma membrane (H+ extrusion) and the tonoplast (H+ influx) (2, 22) . In vivo dissipation of the electrochemical gradient of H+ has been correlated with the energydependent transport of anions, sugars, and amino acids across the plasmalemma (22) and with sucrose (7) and Cl-accumulation into vacuoles (18) . For several years, membrane-bound ATPases have been postulated to generate pH gradients (22) though no direct evidence demonstrated this until recently. Sze (30) found that the ATPase activity of sealed microsomal vesicles is stimulated by ionophores that increase conductance to H+ and K+.
These results suggested that ATPases generate electrical and chemical (H+, K+, or both) gradients. Subsequently, Sze and Churchill (32) reported that ATP generated a transmembrane potential (positive inside) and a pH gradient (acid inside) in sealed microsomal vesicles of tobacco callus and oat roots, respectively. Because the membrane potential was partially vanadate-sensitive, we concluded that a KCl-stimulated, Mg2+-requiring ATPase of the plasma membrane (33) is an electrogenic pump, but did not eliminate the possibility of electrogenic ATPases on other subcellular membranes. Recently, several laboratories have reported in vitro evidence of a H+-pumping ATPase from microsomal vesicles with properties different from a plasma membrane ATPase (5, 8, 10, 21) .
In this paper, we show that there are at least two types of H+-pumping ATPases in nonmitochondrial membranes of plants: one is vanadate-sensitive and one is vanadate-insensitive. Proton pumping as measured by methylamine distribution is stimulated by Cl-and is insensitive to vanadate.
MATERIALS AND METHODS
Plant Material. Oats (Avena sativa L. var Lang) were germinated in the dark over an aerated solution of 0.5 mM CaSO4. After 5 to 6 d of growth, the apical tips (3-4 cm) of the roots were harvested. Lang oats were generously provided by the Agronomy Department, Kansas State University.
Isolation of Sealed Microsomal Vesicles. 7.3 . Two ml of the resuspended microsomal pellet were layered on top of the gradient and centrifuged for 2 h at 70,000g using a Beckman SW 27 rotor. Nineteen aliquots of 1.7 ml each were collected and tested for ATPase activity and MeA uptake. Sucrose density equivalence was determined using a refractometer.
Determination of ATP-Generated Proton Gradient.
['4CJAmine Distribution. ATP-dependent amine uptake was used as a relative measure of H+ pumping (25, 26) . To (12, 25) . In the absence of a pH gradient, the concentration of the protonated and unprotonated amine within a compartment is equal to that outside the compartment. If a transmembrane pH gradient, acidic inside, is generated across membrane vesicles, the equilibrium is shifted so that more of the protonated species is formed and thus trapped within the vesicles ( MeA, and EtA to determine which amine was the most sensitive ApH probe (Table I) . Although ATP caused all the amines to accumulate in sealed microsomal vesicles, ATP-dependent MeA and EtA uptake gave the highest values and the most consistent results.
Amine distribution is a sensitive ApH probe only when the concentration of the unprotonated species of an amine is low. MeA and EtA satisfied this condition because MeA (or EtA) has a high pKa (10.6) and was available with high specific radioactivity (50 mCi/mmol), so the final amine concentration in the reaction mixture was about 20 ,UM. MeA at high concentrations was unsatisfactory as a ApH probe because high amine levels dissipated the ApH (Fig. lb) . Imidazole and aminopyrrine were less sensitive ApH probes for this reason (Table I) . [ 4C]Imidazole had a low specific radioactivity (1.3 mCi/mmol), thus it was used at a relatively high concentration (0.2-0.9 mm). Though available with high specific activity, aminopyrine had a low pKa of 5.0, and therefore the neutral species was present at a relatively high concentration when pHout was 7.5.
ATP-dependent MeA uptake into microsomal vesicles was immediately released upon addition of nigericin or CCCP plus valinomycin (Fig. 2) . These ionophores, in the presence of K+, would dissipate proton gradients. CCCP alone was only effective in reducing about 60%o of the MeA uptake, possibly either because there was no compensating charge movement or because of some residual Donnan potential. These ionophores prevented MeA accumulation when they were present during the entire course of the incubation (not shown).
Most of our data is expressed as ATP-dependent amine uptake (pmol/mg membrane protein) rather than ApH, because of the heterogeneous nature of the vesicles. Some vesicles might lack a proton-pumping ATPase and some could be oriented so Table I ). This value is probably a conservative estimate. Mg,ATP-Dependence. The proton gradient was specifically generated by Mg,ATP (Table II) . GTP sustained only a small proton gradient and other nucleotides were ineffective. Interestingly, PPi generated a significant proton gradient.
MeA uptake was dependent on Mg,ATP concentration between 0.05 and 0.50 mm (Fig. 3) . A Lineweaver-Burk analysis yielded a Kma for Mg,ATP of about 0.1 ImM in the presence of 10 mm KCI (Fig. 3) or BTP-Cl. In the absence of salt, the Km was about 1.4 mm. Similar results were obtained using MeA influx (initial rate) to express relative ApH instead of net MeA uptake. The reason for the apparent inhibition by equimolar concentrations of Mg,ATP greater than 3 mm is not understood. At high concentrations, either Mg or ATP could bind to the enzyme, thus acting as an inhibitor for Mg,ATP, the true substrate.
pH Dependence. ATP-dependent MeA uptake exhibited a broad pH dependence, dropping off sharply above pH 8.5 (Fig.  4) . Since the highest activity was detected at pH 8 to 8.5 in the presence or absence of oligomycin, mitochondrial ATPase could not be responsible for the proton gradient. No difference in MeA uptake was observed at buffer concentrations of 5, 10, or 25 mm. To minimize the concentration of the unprotonated species of MeA we routinely assayed ATP-dependent MeA uptake at pH 7.5.
Whether the broad pH optimum of MeA uptake reflected the optimum pH required for one or more H+-pumping ATPase activity is unclear. The intemal buffering capacity of the vesicles could influence the results. As shown by Rottenberg et al. (26) , the extent of H+ uptake into chloroplasts is a measure of the internal buffering capacity and only indirectly related to ApH.
Inhibitor Sensitivities. DCCD, an inhibitor of proton-translocating ATPases (16) , almost totally inhibited ATP-dependent MeA accumulation (Table III) .
The mitochondrial ATPase inhibitors oligomycin and azide generally inhibited about 20% of ATP-dependent MeA uptake (Table III) ATPase (1 1) but it had no effect in this study (Table III) .
Surprisingly, H+ pumping as determined by MeA uptake was insensitive to vanadate at concentrations that inhibited membrane potential generation in sealed membrane vesicles from tobacco callus (32) or oat roots (K. Churchill, unpublished). ATP-dependent MeA uptake was slightly (but consistently) stimulated by 200 !LM vanadate; 500 to 1000 iLM inhibited about 20 to 30% (Table   III) . Insensitivity to vanadate was not altered by the absence of Cl-salts or the presence of N03-(data not shown).
Anion and Cation Effects on ApH (MeA Uptake), A+, and ATPase Activity. ATP-dependent proton translocation (MeA uptake) was stimulated by anions in the sequence: Cl-> Br-> N03-> so42-= iminodiacetate (Fig. 5) . Sulfate, benzene sulfonate, or iminodiacetate had little or no effect on proton pumping. The pH gradient formed was dependent on C1-concentration (Fig. 6 ). Inasmuch as 10 mM Cl-could generate the maximum pH gradient, experiments were conducted with KCI or BTP-Cl at 10 mm. Nitrate inhibited the Cl--stimulated pH gradient (Fig. 5) .
Generation of an ATP-dependent proton gradient was also sensitive to cations (Fig. 7) . At concentrations above 10 mM, BTPCl consistently generated a larger ApH than KCI (Fig. 7a) . and TPMP+, could dissipate this gradient (Fig. 7b ) which was probably due to a Donnan potential (6, 20 At high concentrations (10 mM), ammonium ion completely dissipated the proton gradient (Fig. 5) consistent with the uncoupler action of ammonium ion (Fig. Ib) .
To (Fig. 8b) . The distribution of vesicles (equivalent to 2 to 3% dextran) showing MeA uptake correlated with the distribution of a vanadate-insensitive ATPase -activity. No H+ pumping activity was detected in vesicles (equivalent to 4 to 8% dextran) enriched in vanadate-sensitive ATPase activity. Thus, MeA uptake is catalyzed mainly by a vanadate-insensitive, H+-pumping ATPase.
Since MeA may not be a good ApH probe in plant cells with ammonium porters (12) we used quinacrine fluorescent quenching to determine whether a vanadate-sensitive ATPase pumped H+. Quinacrine fluorescence was quenched by Mg,ATP in the presence of Cl- (Fig. 9) . The relative rate and net amount of quinacrine quenching was dependent on the concentration of vesicles. Quinacmne fluorescence quenching reflected formation of a pH gradient as gramicidin (a H+ and alkali-cation conductor) reversed the fluorescence quench. The ApH generated by ATP was partially vanadate-sensitive (Fig. 9) . At steady-state fluorescence, the rate of H+ pump into the vesicles is equal to the rate of H+ leak. The increase in fluorescence caused by vanadate indicated that H+ leak was faster than H+ pumping, i.e. the H+ pumping was inhibited. Addition of Na2HPO4 (200 uM) instead of vanadate had no effect. In one experiment, the distribution of H+ pumping as measured by quinacrine quenching showed a similar distribution in the dextran gradient as the Mg,KCI-ATPase activity. We conclude that plant membranes have two types of H+-pumping ATPase: one vanadate-sensitive and one insensitive to vanadate. (Table III) . MeA distribution was a valid ApH probe by at least three criteria (12) . (a) lonophores that release proton gradients (nigericin or CCCP plus valinomycin [in the presence of KCI]) decreased ATP-dependent MeA uptake (Fig. 2) . (b) High concentrations of MeA dissipated the ApH, because it acted as an uncoupler (Fig. Ib) . Similarly, NH4Cl (10 mM) prevented generation of a pH gradient (Fig. 7) . (c) ATP-dependent MeA uptake was not dependent on a specific ammonia transporter since potentially competitive concentrations of NH4Cl (40 gM) did not decrease MeA uptake (Table III) (Fig. 8b) , tobacco callus (31), and partial vanadate inhibition of a membrane potential (29, 32) . Quinacrine quench represents ApH generated by both types of H+-pumping ATPases (Fig. 9) .
DISCUSSION
MeA uptake (Fig. 8a) is a valuable indicator of H+-pumping activity from one type of ATPase (vanadate-insensitive) (Fig. 8b) . One explanation for the difference between MeA and quinacrine could be that MeA, frequently used as an analog for studying ammonium transport, diffuses rapidly out of vesicles with ammonium porters, whereas quinacrne does not. This would explain why MeA could not be used for measuring H+ pumping in plasma membrane vesicles of Neurospora (28) . Lack of MeA accumulation by vanadate-sensitive ATPase supports the idea that plasma membrane vesicles of higher plants are enriched in specific ammonium porters (24) as in algae and fungi (12) . Vesicles showing MeA uptake probably have few or no ammonium porters as in the tonoplast of higher plants (24) .
Several other properties of the H+ pump as measured by MeA distribution were different from those of a plasma membrane ATPase and may be those of a vacuolar ATPase. (a) MeA uptake (Fig. 8a) was enriched in vesicles lighter in density than markers of the ER (NADH-Cyt c reductase), Golgi (UDPase) (not shown), or plasma membrane (vanadate-sensitive ATPase) (Fig. 8b) ATPase associated with the vacuolar membranes from higher plants (35) and fungi (11) . However, a vanadate-sensitive ATPase may also exist on vacuolar membranes (7). (c) As discussed later, the H+-translocating ATPase was anion-sensitive, specifically stimulated by Cl-. This property is similar to that of a vacuolar ATPase from Hevea (1), red beet root (35) , a microsomal ATPase of oat roots (4) and turnip (27) . (d) H+ pumping measured by MeA uptake had a Km for Mg,ATP of about 0.1 mm (Fig. 3) which is lower than the Km (0.4 mM) of plasma membrane ATPase from oat roots (14) . Vacuolar ATPases of red beet root (35) and yeast (11) also show low Km (about 0.2 mM) for ATP. (e) PPi generated a ApH (Table II) consistent with the presence of pyrophosphatase activity in tonoplast of higher plants (36) .
Proton pumping activity as measured by MeA uptake could be associated with right-side-out vesicles of tonoplast (30, 31) either derived from resealed vacuolar membranes or small intact vacuoles. A similar conclusion was reached by several studies using sealed microsomal vesicles of corn coleoptiles (10, 21) or roots (9) . These studies demonstrated only a vanadate-insensitive, H+-pumping ATPase with properties similar to the H+ pump (MeA uptake) reported in this paper. Direct evidence supporting this idea will depend on the properties of vacuolar membranes. ATPdependent H+ pumping has been detected in isolated vacuoles (34) or vacuo-lysosomes (19, 20) (Table IV) .
In addition to dissipation of the membrane potential, Clspecifically stimulated a proton-pumping ATPase activity based on several properties: (a) 10 mm BTP-Cl only partially (62%) dissipated the electrical potential (Table IV) but stimulated maximum proton gradient generation (Fig. 6) ; (b) CF-stimulated ATPase activity in the absence of electrochemical gradients in oat roots (not shown) as in tobacco callus (31); (c) nitrate inhibited Cl--stimulated ApH formation (Fig. 5) and ATPase activities (31); and (d) DIDS, which blocks anion transport in red blood cells and corn root protoplasts (15) , inhibited Cl--stimulated proton pumping in our system (Table III) . The mode of action of NO3 is not understood. It appeared to behave in part as a permeant anion, by stimulating ApH (Fig. 5) , and in part as an inhibitor of the Cl--stimulated H+-pumping ATPase (Fig. 5) (Table IV) consistent with the idea that ATPase activity is regulated by the electrochemical potential (30) . Thus, NH4Cl stimulated ATPase activity similar to gramicidin or nigericin, because CF-dissipatedA, (in addition to specific anion stimulation) and NH4' dissipated ApH (Table IV; Ref. 31) . K+ dissipated aCl--dependent ApH, whereas BTP did not, probably because K+ is a relatively permeant cation (Fig. 7) . This conclusion is supported by the observations that K+ stimulated ATPase activity more than BTP (Table IV) , Tris, or choline (31) . K+ dissipation of a pH gradient could be caused by a H+/ K+ exchange mechanism that permits H+ efflux and K+ uptake into the vesicles even in the absence of ATP. So far we have seen no evidence of specificity among inorganic alkali cations.
We concluded from these results that plant membranes have at least two types of H+-pumping ATPases. One is vanadate-sensitive and probably enriched in the plasma membrane. One is vanadateresistant, anion-sensitive (specifically stimulated by CF-) and could be enriched in vacuolar-type membranes. These results are consistent with the idea of electrogenic H+ pumps at the plasma membrane (H+ extrusion) and tonoplast (H+ transported from cytosol to vacuole) of higher plant cells.
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